have been prepared and characterized structurally by Xray crystallography (HL: N-salicylidene-2-methoxyaniline; phen: 1,10-phenanthroline). The crystal structure of 1 displays a square-pyramidal [4+1] coordination geometry in which the basal plane has three nitrogen donor atoms and the phenolate oxygen atom of the Schiff base. The methoxy oxygen atom exhibits axial coordination in the CuN 3 O 2 chromophore. Complex 2 has a dinuclear copper(II) core in which the Cu(phen) 2 2+ and Cu(phen)(L) + units are linked by an acetate ion showing equatorial/axial modes of bonding. In the bis(phen) unit, the basal plane has three nitrogen atoms and the acetate oxygen atom with one phen nitrogen atom occupying the axial site. In the mono(phen) unit, the basal plane has three nitrogen atoms and one phenolate oxygen atom. The acetate oxygen atom occupies the axial site. The equatorial/axial bridging mode of the acetate ion makes the dicopper(II) unit weakly ferromagnetic (2J = +22 cm −1 ) and the complex in CH 2 Cl 2 glass at 77 K shows an axial EPR
Introduction
[1Ϫ6] Ternary complexes have been used to model the active site structures and catalytic properties of several type-2 copper proteins.
[7Ϫ17] It has been observed that the biological activities of such copper proteins often are dependent on the noncovalent interactions between aromatic moieties. [1] The complexes are related to the formation of the tyrosine phenoxyl Tyr272 radical in a stacking interaction with Trp290 in galactose oxidase and the involvement of trihydroxyphenylalanine (topa) quinone in amine oxidase. [18, 19] Such weak interactions play a crucial role in bioinorganic chemistry toward stabilizing the ter- tiary structure of proteins, reactivity of the metalloenzymes, in the molecular recognition process and in nucleic acids chemistry. [20, 21] Sigel et al. have studied the stacking interactions of the aromatic rings in ternary complexes. [22] Such weak interactions have profound influence on the structure and function of the complexes. [1, 21, 22] The present work stems from our interest to prepare ternary copper() complexes using an N,N-donor, 1,10-phenanthroline (phen), and an O,N,O-donor Schiff base, N-salicylidene-2-methoxyaniline (HL), to study such noncovalent interactions. We have been able to prepare a mononuclear ternary copper() complex [Cu-(phen)(L)](ClO 4 ) (1) that forms a 1D chain by intermolecular πϪπ interactions involving the phen and Schiff-base ligands. We have also prepared a ferromagnetically coupled acetato-bridged dicopper() complex [Cu 2 (phen) 3 (2) that is stabilized by novel intramolecular πϪπ interactions involving two phen ligands belonging to two copper centers. Interestingly, complex 2 undergoes selforganization through intermolecular πϪπ interactions of two phen ligands belonging to two dimeric species to form an unusual discrete supramolecular tetrameric species. Her- [k]
[a] KBr phase.
[b] MeOH solvent.
[c] dϪd band. [d] Charge-transfer band.
[e] In a DMF glass at 77 K for 1 and in a CH 2 Cl 2 glass at 77 K for 2.
[f] In µ B unit at 298 K.
[g] 2J value of ϩ22 cm Ϫ1 .
[h] At 50 mV s Ϫ1 ; ∆E P ϭ E pc Ϫ E pa , where E pc and E pa are cathodic and anodic peak potentials; E 1/2 ϭ (E pc ϩ E pa )/2.
[i] The i pc /i pa ratio of 3.5 (i pc and i pa are cathodic and anodic peak currents, respectively).
[j] The i pc /i pa ratio of 14.
[k] The i pc /i pa ratio of 4.1.
ein, we present the synthesis, crystal structure and properties of complexes 1 and 2.
Results and Discussion

Synthesis and General Properties
The ternary monomeric complex 1 was prepared in high yield by a reaction of copper() perchlorate with 1,10-phenanthroline and the Schiff base (HL) in methanol. When the reaction of phen and HL is carried out with dimeric copper() acetate hydrate in methanol, followed by addition of sodium perchlorate, the major product is a dicopper() species of formulation [Cu 2 (phen) 3 (L)(O 2 CMe)](ClO 4 ) 2 (2) along with 1 as a minor product. The complexes were characterized by analytical, spectral and single-crystal Xray diffraction methods. The spectroscopic and magnetic data are given in Table 1 .
The mononuclear complex 1 is one-electron paramagnetic. Magnetic susceptibility measurements in the range 30Ϫ302 K for the polycrystalline sample of 2 show weak ferromagnetic behavior of the complex. A theoretical fitting of the χ M T vs. T plot gives a J value of ϩ11 cm Ϫ1 with g ϭ Figure 1 . 2.17, g1 ϭ 2.11 and ρ ϭ 0.001 ( Figure 1 ). Complexes 1 and 2 display axial X-band EPR spectra giving
Ϫy
2 } 1 ground state and a tetragonally distorted square-pyramidal geometry at the copper centers. Complex 2 in a CH 2 Cl 2 glass at 77 K shows an additional signal at half-field corresponding to a ∆M S ϭ Ϯ2 transition indicating that it has dimeric nature and the triplet ground state ( Figure 1) . [23] This signal is, however, absent in a DMF glass at 77 K, possibly because of cleavage of the dimeric core. The complexes display a dϪd band near 650 nm in methanol along with a charge-transfer band at ca. 415 nm.
Crystal Structures
Complexes 1 and 2 were characterized by single-crystal X-ray crystallography. Selected bond lengths and angles are given in Table 2 . Perspective views of the molecules are shown in Figures 2 and 3 . Complex 1 has a ternary structure consisting of a bidentate N,N-donor phen and tridentate O,N,O-donor Schiff base (L) bonded to the metal center in the cationic complex with a perchlorate counterion. While the basal plane is occupied by three nitrogen atoms and the phenolate oxygen atom, the methoxyl oxygen atom of the Schiff base shows axial bonding in the 4ϩ1 coordination geometry with a CuN 3 O 2 chromophore. The axial CuϪO bond length is 2.627(2) Å , which is similar to the metal-to-axial-tyrosinate-oxygen-atom distance of 2.69 Å in galactose oxidase. [18, 24] The structure of 1 is distorted square-pyramidal, giving a trigonal distortion parameter (τ) value of 0.13. [25] In 1, the torsion angle at the CϭN (imine) moiety of the Schiff's base is 45.8°, which is similar to those angles observed in analogous complexes having axial sulfur ligation. [26] Complex 1 displays an intermolecular πϪπ stacking interaction involving the phen and phenolate ring moieties with an interplanar distance of ca. 3.6 Å between the centroids of the rings that have essentially a parallel orientation ( Figure 4 ).
The crystal structure of 2 displays a dicationic dicopper() complex crystallized with two perchlorate anions. The structure consists of two copper() centers, viz. {Cu(phen) 2 2ϩ } and {Cu(phen)(L) ϩ }, that are covalently (2) 2.627(2) Cu(1)ϪO (3) 2.230(6) Cu(1)ϪN (1) 1.930 (3) 2.005(6) Cu(1)ϪN (2) 2.039(3) 2.011(6) Cu(1)ϪN (3) 1.999 (3) 2.029(6) Cu(2)ϪO (4) 1.966(5) Cu(2)ϪN (4) 2.185(7) Cu(2)ϪN (5) 1.983(6) Cu(2)ϪN (6) 1.991(6) Cu(2)ϪN (7) 2.069 (6) O (1)ϪCu (1)ϪO (2) 134.06(11) O(1)ϪCu (1)ϪO (3) 93.1(2) O(1)ϪCu (1)ϪN (1) 96.19 (12) 93.0(2) O(1)ϪCu (1)ϪN (2) 146.32 (13) 166 (2) 102.46(12) 100.7(2) N(1)ϪCu(1)ϪN (3) 153.94(13)
148.2(2) N(4)ϪCu(2)ϪN (5) 79.6(3) N(4)ϪCu(2)ϪN (6) 94.6(2) N(4)ϪCu(2)ϪN (7) 99.4(2) N(5)ϪCu(2)ϪN (6) 172.7(3) N(5)ϪCu(2)ϪN (7) 95.5(3) N(6)ϪCu(2)ϪN (7) 81.0(2) (1) showing thermal ellipsoids of 50% probability along with the atom numbering scheme. (2) and the d z 2 orbital of Cu(1) makes the metal centers essentially uncoupled because of the orthogonality of the orbitals. As a consequence, the magnetic exchange interaction in 2 becomes weakly ferromagnetic as is evidenced in the variable-temperature magnetic susceptibility studies and in the EPR spectrum in a CH 2 Cl 2 glass at 77 K. [23, 27] Complex 2 with two copper centers having different ligand environments and a weakly coupled dicopper() core has structural similarity to the dimeric sites of type-2 proteins, viz. dopamine β-hydroxylase and peptidylglycine α-hydroxylating monooxygenase. [3, 28] 
Redox and Catalytic Properties
The electron-transfer behavior of the complexes 1 and 2 was studied by cyclic voltammetry using a glassy-carbon working electrode. Selected data are given in Table 1 and voltammograms are shown in Figure 6 . Complex 1 in CH 2 Cl 2 /0.1  TBAP or DMF/0.1  TBAP shows a cathodic peak near Ϫ0.25 V with an anodic counterpart at 0.34 V in CH 2 Cl 2 and 0.13 V in DMF. The peaks are assignable to the Cu II /Cu I couple. The reduced ternary species [Cu(phen)(L)] is unstable as is evidenced from the i pc /i pa ratio of ca. 4.0. [29] The dimeric complex 2 displays a cathodic peak at Ϫ0.29 V with an anodic response at 0. 35 [30] It is likely that the weak axial bond of the acetate ion in 2 undergoes cleavage in a polar solvent such as DMF. Such a cleavage has been evidenced from the EPR spectrum of 2 showing no half-field signal in a DMF glass. Complex 2 also displays an irreversible cathodic peak at Ϫ0.89 V resulting from reduction of the Schiff's base. 
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Complex 1 reacts with ascorbic acid (H 2 A) in aqueous methanol to form an unstable, brown copper() species, which on exposure to air converts to the parent complex. The catalytic cycle is effective at an H 2 A/1 molar ratio of 60:1. At higher concentrations of H 2 A, a catalytically inactive oxalato species is formed. The formation of oxalic acid takes place from the oxidation of a dehydroascorbate species. [31] Complex 2 is also active in the oxidation of H 2 A by dioxygen, but the complex is susceptible to cleavage in a polar reaction medium. The observed catalytic activity of 2 could be due to the formation of two catalytically active monomeric copper() species.
Conclusion
A ternary monomeric copper() complex having a tridentate O,N,O-donor Schiff base and bidentate N,N-donor phen unit was prepared and characterized structurally. The complex has a CuN 3 O 2 square-pyramidal [4ϩ1] coordination geometry with a methoxy oxygen atom as a weak axial ligand. A dicopper() complex was prepared and structurally characterized that has Cu(phen) 2 2ϩ and Cu(phen)(L) ϩ units linked by an acetate ion showing equatorial/axial modes of bonding. Complex 2 has a ferromagnetically coupled dicopper() core. Crystal structures of the complexes 1 and 2 show intermolecular πϪπ stacking interactions. In addition, the dimeric complex 2 shows the presence of an intramolecular πϪπ stacking interaction involv-ing the phen ligands of two different metal centers having CuN 4 O and CuN 3 O 2 coordination environments. While complex 1 forms a 1D chain, the intermolecular interaction in 2 results in the aggregation of two dimeric units to form an unusual discrete supramolecular tetranuclear structure.
Experimental Section
Materials and Physical Measurements: Chemicals and reagents were obtained from commercial sources. Solvents were purified by standard procedures. [32] Salicylaldehyde was obtained from Aldrich. 2-Methoxyaniline and 1,10-phenanthroline were purchased from SD Fine Chemicals, Mumbai. Copper() acetate hydrate was from BDH (India). The Schiff-base ligand, N-salicylidene-2-methoxyaniline (HL) was prepared by a literature method. [33] The infrared, electronic and EPR spectra were recorded with Bruker Equinox 55, Hitachi U3000 and Varian E-109 X-band spectrometers, respectively. The elemental analysis was performed using a Heraeus CHN-O Rapid instrument. Magnetic susceptibility data of the polycrystalline samples were obtained from a George Associates Inc. Lewis-coil-force magnetometer system having Cahn balance and an APD closed-cycle cryostat. Diamagnetic corrections to the susceptibility data were made using Pascal's constants. [34] Variable-temperature magnetic susceptibility data for complex 2 in the 30Ϫ302 K range were corrected for temperature-independent paramagnetism (Nα ϭ 60 ϫ 10 Ϫ6 cm 3 mol Ϫ1 per copper atom). The Ϫ1 for 2 (vs, very strong; s, strong; m, medium, w, weak; br, broad). Complex 1, formed as a single product, was prepared from the reaction of Cu(ClO 4 ) 2 ·6H 2 O (0.37 g, 1.0 mmol) in methanol (10 mL) and phen (0.19 g, 1.0 mmol) in methanol (10 mL) followed by the addition of the Schiff base (HL, 0.23 g, 1.0 mmol) in methanol (5 mL). The mixture was stirred for 0.5 h at 25°C. Removal of the solvent in a rotary evaporator gave 1 as a single product that was washed with water and diethyl ether before drying in vacuo over P 4 O 10 (yield: 70%). Caution! Perchlorate salts are potentially explosive and should be handled in small quantities with suitable safety measures.
X-ray Crystallographic Study:
Intensity data for complex 1 in the triclinic crystal system were collected with an EnrafϪNonius CAD4 diffractometer fitted with a graphite-monochromated Mo-K α radiation. The data were corrected for Lorentz, polarization and absorption effects. [36] The cell parameters and the intensity data for complex 2 were obtained from a Bruker SMART APEX CCD diffractometer, equipped with a fine-focus 1.75-kW sealed-tube Mo-K α X-ray source, with increasing ω (width, 0.3°per frame) at a scan speed of 8 s/frame. The SMART software was used for data acquisition and the SAINT software for data extraction. [37] Absorption correction was done using SADABS. [38] The structures were solved and refined using SHELX programs. [39] )/3 having A and B values of 0.0843 and 0.8796 for 1 and 0.1266 and 0.0000 for 2. While complex 1 refined well without showing any significant disorder, the crystals of complex 2 diffracted poorly. The atoms belonging to the cationic complex of 2 and one perchlorate anion refined well. The other perchlorate anion in 2 showed positional disorders. This perchlorate anion was refined with two sets of five peaks having site occupancies of 0.7 and 0.3. The hydrogen atoms of 1 were located from the difference Fourier maps and were refined isotropically. The hydrogen atoms of 2 were generated and assigned isotropic thermal parameters, riding on their parent carbon atoms and used only for calculation of the F o 2 structure factor. Selected crystal data for complexes 1 and 2 are given in Table 3 . Perspective views of the complexes were obtained by ORTEP. [40] CCDC-192652 and -192653 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.) ϩ 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
